I. INTRODUCTION
In numerous laser-plasma experiments, the interaction of high intensity laser pulses with different types of targets has been explored: solids, gases, as well as atomic and molecular cluster targets (diameter up to tens of nm) with average atomic density above 10 19 cm −3 . 1 When the cluster size becomes as large as hundreds of nm, one can expect interesting effects to arise as compared to a massive solid target or a cluster target. These "larger clusters" can already be considered as droplets and the whole target a spray of droplets. In consideration of the solid density of the individual droplet, and additionally, since the scale length of the droplets is smaller or comparable than the wavelength of the incident laser beam, direct heating of the whole target particle is possible, as in clusters.
These targets have been studied less extensively than other types, which is likely due to the lack of easy and reliable technical solutions to obtain high-density sub-micron particle spray. For example, smaller droplets with a diameter of 0.6 μm have been obtained by splitting the droplet ensemble electrostatically, 2 however the average atomic density was significantly reduced (up to 10 16 cm −3 ).
A new spray generator 3, 4 was developed to produce a plume of sub-micron size droplets from liquids. A water spray in laser-plasma experiments with constituents of submicron size (∼150 nm) and relatively high average atomic density (>10 18 cm −3 ) allowed to explore an almost unknown regime of laser matter interaction closing the gap between the solid and gaseous or cluster targets. In fact, novel features have been observed when the water spray was irradiated with short (45 fs) and high contrast (10 −8 ) laser pulses a) Electronic mail: sargis.ter-avetisyan@eli-beams.eu. at an intensity ∼5 × 10 19 W/cm 2 . It was found that this almost debris free target can be a more efficient source of hard x-rays 4 and neutrons 5 than cluster targets; quasi monoenergetic proton emission with energy (1.6 ± 0.08) MeV (Ref. 6 ) was also measured from the spray, which may open up new perspectives in laser matter interactions studies and applications, e.g., as a source for post acceleration and beam transport in compact MeV accelerators. 7 Very recently, it was found that the water spray is also an abundant source of MeV negative oxygen ions. 8 Model calculations and simulations of these experimental findings suggest even more effective laser energy transfer to the target, and accordingly higher proton energy and flux, if droplet size and average particle density could be increased. Additionally, the accelerated proton beam will become more directional when droplet size is increased (e.g., under the same interaction conditions 20%-25% larger droplets led to a two-fold increase in energy of the accelerated mono-energetic proton beam accelerated in the laser propagation direction 9 ).
However, in these experiments, the single droplet diameter in the spray was unchanged because even a detailed characterisation of the water spray 3, 4 could not reveal the parameters responsible for the spray density and droplet diameter. In the conventional approach (i.e. growing gas clusters from an expanding nozzle flow with the appropriate set of flow field conditions, characterised by a condensation scaling parameter *, 10 ) the water spray has shown not to follow a similar condensation description, which could have allowed to predict the cluster size and average density under given experimental conditions (nozzle geometry, backing pressure).
To overcome these limitations and inspired by experimental findings and theoretical predictions, we have looked once more to the spray characteristics for different nozzle geometries and condensation conditions with the aim to generate sprays with controllable droplet size. Additionally, the spray of a different liquid than water was investigated with the idea that it might lead to new, unexplored properties in the forthcoming experiments.
In this article, we report on the generation of a spray of ethanol (C 2 H 5 OH) with adjustable droplet size. Employing the Mie scattering technique, it was found that the size of the droplets in the spray could be changed by varying the size of the throat diameter of the hypersonic nozzle. Indeed, the laser-plasma interaction experiments have revealed the critical importance of the single droplet size and the average density of the spray to the acceleration of mono-energetic proton and negative ion beams.
II. EXPERIMENTAL METHODS

A. Spray generator
A spray is formed by adiabatic expansion of superheated vapour through the hypersonic nozzle into a vacuum. 11 It comprises of a solenoid driven pulsed valve (from Parker Hannifin Company), a heated channel, and a hypersonic conical nozzle ( Fig. 1 ). For target optimization and system synchronization, the spray is pulsed by an electromagnetic valve for every 6 s with a pulse duration of 2 ms, which keeps the background pressure before each spray pulse on a 10 −5 mbars level.
Ethanol (99.9% v/v) with 25 bars backing pressure is injected upon opening of the valve into the heated channel that is 1 mm in diameter and 15 mm in length at a temperature of up to 140 • C ( Fig. 1 ). Though the heater is in direct thermal contact with the channel, a 9 mm Polypenco PEEK 450G insulator is used to separate it from the valve in order to keep the temperature of the liquid inside the valve below the boiling temperature. The injected liquid is vaporized in the heating channel and a superheated vapour under high pressure is formed. The latter expands through a hypersonic nozzle, with 8 mm long conical section and 2 = 7 • opening angle, into a vacuum and forms a spray of a sub-micron liquid droplets. 
B. Droplet size characterisation
The scattering of electromagnetic radiation by spherical particles, Mie scattering, was employed to analyze the droplet size in the spray. [12] [13] [14] The scattering intensity of a linearly polarised monochromatic wave by an ensemble of homogeneous spheres of arbitrary refractive index in a volume V 0 is given by
where I 0⊥ is the scattering intensity for a single particle when the polarisation of the incident wave is perpendicular to the scattering plane, θ is the scattering angle (θ = 180 • , i.e., forward scattering, measured from the incident laser beam), and N is the total number of particles occupied within volume V 0 with a particle size distribution function f(N). The size parameter α(N ) = 2πa(N) λ depends on the radius of the sphere a (also called Mie radius) and the laser wavelength λ. The single particle scattering intensity I 0⊥ is given by
where R is the distance between scattering volume and detector plane, I 0 is the incident intensity, and i ⊥ ≡ i ⊥ /α 3 . Generally, the tabulated value of the function i ⊥ (θ , α(N)) (i.e., square of amplitude function, cf. e.g., Ref. 14) for different refractive indices is available 15, 16 and can be used directly to fit theoretically Mie scattering curves to the measured data in order to infer the particle size. However, for liquid ethanol which has a refractive index m = 1.36, i ⊥ was not tabulated in the available literatures. A routine in MATLAB was developed (following the description in Ref. 16 chapter 4) to calculate the value of i ⊥ for different refractive indices and for different θ and α values up to a precision of 14 significant digits. The tabulated values of i ⊥ 15, 16 were well reproduced by our routine. The new values of i ⊥ for m = 1.36 have been tabulated in the Appendix.
The ethanol spray was probed with three different laser wavelengths namely 337 nm, 450 nm, and 500 nm with a beam diameter of ∼1 mm. A glass fibre was mounted on a rotating stage to collect the scattered signal at various angular positions. The acceptance diameter of the fibre aperture was 3 mm and the detection radius around the vertical axis of the nozzle was 13.5 mm corresponding to a 39 msr solid angle. The other end of the optical fibre was coupled to a sensitive photomultiplier tube (PMT) for signal detection (Hamamatsu R928). The scattered signal was measured from 40 • up to 135 • with respect to the diagnostic beam axis with a step of 10 • . Two nozzles with diameters of 470 μm and 560 μm have been used.
III. RESULTS AND DISCUSSION
The measurements with a 337 nm probing wavelength were taken at two different temperatures of the heating channel: 110 • C and 140 • C and at three different positions, one very close to the tip of the nozzle (z ∼1 mm), 5 mm, and 10 mm below the nozzle tip assuming that the size of the Table I. droplets is not changing. Indeed, since the droplets are formed during adiabatic expansion of superheated vapour into a vacuum, they are cool and there is no evaporative mass loss, and, since the density of the particles decreases exponentially with the distance (see Fig. 3 in Ref. 4 ), their growth rate or droplet diameter change is negligible. In Fig. 2 the spatial distribution of the scattered light for a nozzle diameter of 470 μm, is plotted on a polar graph. Figure 2(a) shows the angular dependence of the scattered signal at a temperature of 110 • C and Fig. 2(b) , at 140 • C. Each data point represents the average of at least 10 recorded scattered signals at each angular position. The error bars assigned to the data points are the standard deviation of the signal fluctuation. The background signal, e.g., signal generated by the beam free propagation through the chamber when the spray is off, was practically zero for all the measurements.
It can be seen from the Fig. 2 that the signal near the nozzle tip (z = 1 mm) is smoother than the signal taken at 10 mm below the nozzle tip. This is mainly due to the large number of particles inside the scattering volume causing multiple scattering and smoothing of the signal pattern. At the distance of 5 mm from the nozzle tip, one still observes the contribution of multiple scattered signal into the measured scattering pattern (not shown in Fig. 2 in order to not overcomplicate the figure) . However, the density of the particles decreases exponentially with the distance (see Fig. 3 in Ref. 4 ) and at z = 10 mm below the nozzle, the single particle scattering events dominate the scattering signal. Further increase of the distance from the nozzle gradually leads to a decrease in the measured scattered signal, while the error bar of the measurements is increasing due to the spray density decrease. We have used the tabulated value of i ⊥ to fit the experimental data for the position z = 10 mm. For a size parameter α = 1.7, the experimental points were well fitted for both temperatures of the heating channel (cf. Fig. 2 ). The particle size was additionally confirmed by using two other probing laser wavelengths, viz. 450 nm and 500 nm. Thus, different temperatures of the heating channel did not affect the droplet size, and at temperatures 110 • C and 140 • C, the same particle size (180 ± 10) nm was inferred from the measurement. The droplet size uncertainty was determined by the range of size parameter α over which the experimental data still can be fitted. It might be worth to notice that in Fig. 2 , there is a small scattered signal also in the backward direction, which could also be due to multiple scattering or to incoherent scattering effects. 14 Hence, the size of the ethanol droplets is different than in previous measurements of water droplets in the spray (droplet size ∼150 nm 4 ) in spite that the same nozzle is used. Additionally, since in order to avoid multiple scattering, the measurements have been done at z = 10 mm far from the nozzle, the data suggests ∼5 times higher ethanol droplet density than with water according to Fig. 2 
The same measurements with a nozzle of 560 μm diameter also show interesting results. For two different temperatures, 110 • C and 140 • C, the size of particles does not change as for the 470 μm nozzle. In Fig. 3 the angular distribution of scattered intensity of the probe light, at 337 nm wavelength, and a detector position z = 1 mm from the nozzle is shown. At both 110 • C and 140 • C, the size parameter α = 1.3, which corresponds to a droplet size of 140 nm, fits very well the experimental data. In previous measurements using water the typical Mie scattering pattern was also detected at z = 1 mm below the nozzle, but employing a 470 μm diameter nozzle. This suggests that for a nozzle diameter of 560 μm, the ethanol spray has a similar droplet density as the water spray (see Fig. 3 
in Ref. 4) with nozzle diameter 470 μm.
To sum up: with 470 μm and 560 μm nozzles the size of the droplets in the ethanol spray is different: (180 ± 10) nm and (140 ± 10) nm, correspondingly, however the particle size is not changing at two different temperatures of the heating channel: 110 • C and 140 • C. It is worth mentioning, that with both nozzles, similar to the droplets in the water spray, 4 the size distribution is very narrow (about ±5%). Additionally, in the case of the 470 μm nozzle, according to Fig. 3 Table I. Ref. 4, there are five times more particles in a given scattering volume than with the 560 μm nozzle, which has similar particle density to the water spray.
IV. NEGATIVE ION SOURCE
Laser plasma interaction experiments with a water spray target have revealed a novel feature, namely the capability to generate negative ions. The experiments were carried out with the 30 TW -Ti: Sapphire system at the Max-Born Institute, Berlin. When a water spray generated by our spray generator 4 (droplets diameter 150 ± 10 nm) was irradiated with ultra-intense (5 × 10 19 W/cm 2 ), ultra-short (45 fs), and high-contrast (below 10 −8 at ∼10 ps prior the main peak) laser pulses, stable, and reproducible emission of copious negative oxygen ions was observed. Here, we mention the few aspects of this experiment which motivated our ethanol spray investigation. A detailed discussion was published elsewhere. 8 In Fig. 4 , typical spectra of accelerated ions from a water spray measured with a Thomson parabola spectrometer transversely to the laser propagation direction are shown. Here, only O 1− and O 1+ ions have been detected on the absolutely calibrated micro-channel-plate (MCP) detector. When the laser pulse was temporally and spatially well inside the water spray, it insured stable and reproducible acceleration of O 1− and O 1+ ions. It should be noticed that protons were not detected, which is likely due to their energies being below the spectrometer energy range (150 keV is the lower energy cut-off on the MCP detector, which is due to its limited size and the geometry of the spectrometer, chosen to provide high energy resolution: E/E ∼ 0.02).
The spectra of ions accelerated in the lateral direction from the ethanol spray, under similar irradiation conditions are shown in Fig. 5 . Here, besides the O 1+ and O 1− ions ( Fig. 5(a) ), one can identify another negative ion species as C 1− together with C 1+ and C 2+ (Fig. 5(b) ). Additionally, protons with MeV energies are appearing on the detector screen.
In general, the spectra of oxygen ions accelerated from water and ethanol sprays are different in terms of both their energy and number. In ethanol spray the number of O 1+ and O 1− ions and their maximum energies are much higher than in the water spray (compare Fig. 4 and Fig. 5(a) ). As it was predicted by Particles-in-Cell (PIC) simulations 9 , for increased droplet diameter, the ion energies are increased. The higher average density of the ethanol spray as compared with water also favours a more effective formation of negative ions. C 1− ions are now observed from the ethanol spray, and the detection of protons with energies above MeV and of energetic C 2+ ions also indicate more effective interaction conditions. Acceleration of negative ions has been observed for the first time in this type of laser matter interaction experiments. The brightness of our negative ion source is extremely high, exceeding 10 8 A · cm −2 sr −1 . This number results from an ion pulse duration of less than 10 ps and a current intensity exceeding 1 kA, with a source area 6 × 70 μm 2 approximated to the transverse projection of the laser-plasma volume (focal spot diameter times confocal parameter). This is by far the brightest negative ion source reported.
There is a strong fundamental interest in negative ions due to the fact that electron correlation plays an important role in determining their structure and dynamics, 17 which results in more efficient screening of the nucleus. Negative ions could provide an excellent tool for material processing applications due to their "charge-up free" property in implantation processes. 18, 19 Easy neutralization of an energetic beam of negative ions is exploited in accelerator technology, including injectors dedicated to heating of tokamak plasmas (e.g., the negative ion-based neutral beam injection (NBI) system in the International Thermonuclear Experimental Reactor (ITER)) and the next generation of particle accelerators such as European Spallation Source (ESS) and Spallation Neutron Source (SNS).
The efficient and reliable operation of negative ion sources is largely responsible for the productivity of these facilities. Additionally, for optimum applications, bright energetic negative ion sources are required. Laser-based negative ion acceleration can be an attractive option in the near future too, and may be useful overcome limitations imposed on ion pulse duration and emittance in currently available negative ion sources.
V. SUMMARY
In summary, ethanol (C 2 H 5 OH) was tested as an option to generate sprays of sub-micron size droplets with control-lable dimensions. The Mie scattering technique has been employed for their characterisation. The experiments with two different nozzles of different throat diameters, namely 470 μm and 560 μm, showed that the size of the droplets in the spray is different: (180 ± 10) nm and (140 ± 10) nm, correspondingly. However two different temperatures: 110 • C and 140 • C did not influence the droplet size.
Irradiation of water and ethanol sprays with ultra-intense (5×10 19 W/cm 2 ), ultra short (45 fs) laser pulses has demonstrated the capability of this devices as a bright negative ion sources. The results are very exciting and different spray parameters could show further interesting features and reveal the full potential of this targetry approach.
APPENDIX: TABLE OF MIE SCATTERING FUNCTION FOR PARTICLES WITH REFRACTIVE INDEX 1.36
See Table I . 
